We initially found that the fall in left ventricular pressure during isovolumic relaxation is exponential and therefore characterized by a time constant (T). To the extent that isovolumic pressure fall reflects myocardial events during relaxation, T indexes the time course of relaxation
± 0-5to22 ±
0-5 mm Hg and peak left ventricular pressure (L VP)from 95 ± 11 to 155 ± 12 mm Hg, T did not change significantly; (2) in seven ejecting hearts from a stroke volume of 10 to 20 ml and from a peak L VP of85 to 192 mm Hg, T was not altered. T changed significantly with factors thought to affect the active cardiac relaxing system such as heart rate, catecholamines and recovery from ischaemia. To quantify the extent of incomplete left ventricular relaxation between beats and to identify the time at which relaxation no longer influences the diastolic ventricular pressure-dimension relationships, we measured pressure and endocardial dimension by sonomicrometry in ten working dog hearts. We obtained the fully relaxed pressure-dimension relationship for individual hearts from pressure-dimension values following prolonged diastoles. From the linear relationship between pressure and dimension we predicted the left ventricular dimension which would be present at any observed diastolic pressure if relaxation were complete. At intervals of0'25 T or less we compared this predicted fully relaxed dimension with the actual dimension. The predicted and actual dimension were not significantly different at end-diastole in any beat where the next beat began > 3-5 T after maximal negative dP/dt. This indicates completion of relaxation prior to end-diastole in all such beats. An end-diastolic difference in predicted v. actual dimension (when the beat began < 3'5 T after maximal negative dP/dt) identified incomplete relaxation. This difference between the predicted fully relaxed dimension and the actual dimension quantified the extent of incomplete relaxation. Earlier in diastole this difference quantified the effect of relaxation on ventricular dimension and thus diastolic filling. Under widely varying hemodynamic conditions, except with severe failure, the time of the end of the effect of relaxation on diastolic pressure-dimension was 2-85 ± 0'33 (s.d.) T after maximal negative dP/dt. Under severe hemodynamic stress this time occurred earlier in diastole. This early end of the influence of relaxation on diastolic pressure-dimension relationships could be predicted from P at maximal negative dP/dl, T, and the fully relaxed diastolic pressure-dimension relationship. Thus, T is a load-independent index of left ventricular pressure fall under stable hemodynamic conditions. Use of T aids in the identification of changes in the relaxation time course, quantification of incomplete relaxation and the time course and extent of the effect of relaxation on pressure-dimension relationships during the diastolic filling period. The extent of incomplete relaxation and/or the effect of relaxation on diastolic dimensions throughout diastole can be quantified by comparing the actual dimension to the fully relaxed dimension at any pressure during diastole.
The studies of Drs Weiss, Frederiksen and Weisfeldtf' 2 ) and more recently Dr Yin' 3 ) were initially directed at identification of a simple index of the process of left ventricular relaxation in the intact heart. We assessed the mechanical, physiological, pharmacological and pathophysiological determinants of this index of relaxation, and finally attempted to use this index of relaxation in quantifying the physiological importance of the process of the left ventricular relaxation in terms of overall cardiac function. A major target of these efforts was to understand the influence of relaxation on hemodynamics during the diastolic filling period. Before dealing with our attempts to quantify'the extent of incomplete relaxation in the intact heart I believe that it is important to review in a step-wise fashion the development of concepts concerning this index of relaxation, the time constant of isovolumic pressure fall (7), and its hemodynamic determinants.
From our point of view we have been concerned solely with the issues surrounding the recovery of the heart following electrical initiation of contraction on a beat by beat basis. We define the term relaxation as the process of return of the ventricular myocardium to its resting state following contraction. Thus, if there is no event which effectively initiates contraction then from this definition there is no relaxation to be studied. We do not consider relaxation to encompass steady-state diastolic tone or steady-state diastolic contractile element activity. These concepts would not be indexed or determined by factors under discussion here. We are concentrating on the cyclical process which ends when the myocardium has returned to the state present before the initiation of the contractile event.
In this article, observations leading to the use of the time constant for isovolumic pressure fall as an index of the time course of relaxation will first be discussed. Then attention will be given to the relations of this index to load and to events during the diastolic filling period. Finally, quantification of incomplete relaxation will be discussed.
Development of the time constant of isovolumic pressure fall as an index of relaxation A number of earlier studies! 4 ' s] showed that the time course of tension fall in cardiac and skeletal muscle could be approximated by an exponential process. There is also some evidence that the time course of the fundamental relaxing system process involving calcium uptake might well be exponential! 6 ]. We looked for a possible exponential nature of isovolumic pressure fall in the intact ventricle based upon these data and some preliminary observations of our own. Earlier data from working dog left ventricular preparations in which peak left ventricular pressure was varied!'!, was reanalyzed. We found that when pressure fall was plotted in an exponential fashion the slopes of the lines were identical despite their markedly disparate values for maximum negative dP/dt.
In the initial studies performed by Drs Weiss, Frederiksen and Weisfeldtl'l maximal effort was made to deal with two major technical issues which might artifactually influence the time course of pressure fall. These two problems are (1) the fact that most preparations which claim to study the heart under isovolumic conditions are not isovolumic, and (2) the position of the pressure recording transducer or catheter may be such that catheter entrapment or motion may influence the time course of pressure decay. To ensure that the ventricle was in fact isovolumic throughout the entire time course of the pressure decline, we sutured a single metal button across the entire mitral and aortic orifices. Thus, all motion and compliance of valves during isovolumic relaxation was eliminated. The preparation was perfused retrograde through the aorta so that without interrupting coronary flow and without interrupting function of the heart we could visually observe the entire circumference of the button and see that there was no herniation of the balloon or its material from the ventricular cavity. By placing an artificial ball valve within the external system of attachments to the left ventricle and by constructing the entire apparatus proximal to the ball valve of non-distensible metal we also assured ourselves that so long as the ball valve was competent, relaxation occurred again in an entirely isovolumic fashion even after left ventricular ejection through the ball valve. The ball valve was routinely checked for regurgitation and the volume of this regurgitation through the Starr-Edwards valve was less than 1 0 ml per beat. Pressure in the left ventricular cavity was measured with a micromanometer which was placed just beneath the surface of the button obstructing the valvular orifices. Since the button was inflexible, the pressure measured immediately under the button reflected the pressure within an identifiable fluid filled cavity within the balloon and therefore was not influenced by entrapment or motion. Since ventricular filling could only occur by injecting fluid into the balloon within the left ventricular cavity we could monitor the entire time course of left ventricular pressure fall at a volume equal to the end-systolic volume of the isovolumic volume (if the heart were contracting isovolumically). Under these conditions it was quite clear that beginning at maximum dP/dt, the time course of pressure fall (down to levels equal to or below the left ventricular end-diastolic pressure for that beat) was approximated best by the exponential function. Attempts to fit these curves to either linear or a truncated higher order polynomial function did not result in any improvement in the fit. It was on the basis of these studies that we proceeded to investigate the hemodynamic determinants of the time constant (T) of the exponential pressure decay under isovolumic conditions and in other working left ventricular preparations. The fit to an exponential function is less good in a working left ventricular preparation and in man during the so-called isovolumic period of relaxation. Here often the fit does not become excellent until some milliseconds after maximum negative dP/dt. This is not surprising since in the working left ventricular preparation there is considerable flexibility of the aortic valve. As aortic pressure exceeds left ventricular pressure the valve will bulge into and towards the left ventricular cavity making the decline in pressure fall immediately following aortic valve closure less rapid (immediately after maximum negative d/Vdrf 7 )). In addition during the later time course of so-called isovolumic pressure fall in the working heart one will reach a point at which left ventricular pressure will fall to levels at or below left atrial pressure. Although this is the initiating event which results in mitral valve opening there may well be some significant physical distortion of the mitral valve and displacement of its ring downwards and into the left ventricle prior to actual mitral opening. Pressure fall could deviate from the ideal exponential function. Thus, in a working heart we deal with an approximation of T.
Relationship of the time course of relaxation and the time constant of isovolumic pressure fall (7") to load If we assume for the moment that the close approximation of isovolumic pressure fall to an exponential function reflects a fundamental aspect of the process of relaxation that is occurring in an exponential fashion then some of the relationships between load and T become clear. Increasing the level from which the pressure in the ventricle begins to fall in an exponential fashion likely would have no effect on the time course of the process of relaxation. Hence, T would be unaffected by the magnitude of peak systolic pressure and uninfluenced by the level of the pressure at the onset of the exponential phase of left ventricular pressure fall. With a higher level of pressure from which there is an exponential fall, there would be a greater absolute rate of left ventricular pressure fall.
Perhaps it would be appropriate to invoke a simple analogy to make it clear that the loadindependence of T with regard to peak systolic pressure or the pressure at the beginning of isovolumic pressure fall can be and should be dissociated from the absolute rate of pressure fall. If one thinks of gravity moving a falling body at the rate of 32 ft/s/s and that this constant characterizes the gravitational fields of earth under ideal conditions then it would not be surprising that an object dropped from 10 ft would have a slower maximal rate of fall than an object dropped from 100 ft. The fact that the object dropped from 100 ft has a more rapid absolute rate of fall by the time it reaches the ground does not indicate that gravity is any stronger in its effect on the object at 100 ft than on the one dropped at 10ft. The figure of 32 ft/s/s continues to characterize the gravitational field of earth. This could be considered to be similar to the notion that time constant for isovolumic pressure fall characterizes the time course of a fundamental process related to relaxation and this time constant may well be independent of systolic tension or pressure or load and the pressure beginning the isovolumic phase of relaxation. The higher the pressure at the onset of the isovolumic phase the greater is the absolute rate of pressure fall at that point in time.
In two fundamentally different preparations and under quite different conditions we were able to show that under steady-state circumstances (with the heart contracting in a repeated fashion at any given level of load) T is independent of peak systolic pressure and independent of the pressure at the time of onset of the exponential phase of isovolumic pressure fall. In the preparation previously described we studied T for isovolumic contractions with variable volumes and thereby variable peak systolic pressure and pressure at the onset of the exponential phase of pressure fall. We studied nine isovolumic preparations at left ventricular end-diastolic pressures of 5 to 10,11 to 15,16 to 20, and 21 to 25 mm Hg. At these varying end-diastolic pressures mean peak left ventricular pressure increased from 95 to 155mmHg. There was no significant change in Tunder these conditions. The mean Tat 5 to 10 mm Hg was 60'8 ± 3-8 ms and at 21 to 25 mm Hg 64-6 ± 36 msl"). We also studied the effects of varying peak left ventricular pressure in the isolated working left ventricular preparationl 2 !. For these studies we utilized the right heart bypass preparation. This preparation was relatively completely isolated from the donor animal. Although the majority of studies were performed without pharmacological blockade a small number of studies were also performed in the presence of ganglionic and beta-adrenergic blockade and confirmed the conclusions obtained in the unblocked animals. In this preparation we utilized data from the isovolumic period of relaxation beginning at maximum negative dP/dt and ending at the time of cross-over of left atrial and left ventricular pressure during early diastole to obtain the time constant for isovolumic pressure fall (T). In this preparation cardiac input, heart rate and peak left ventricular systolic pressure could be controlled and varied independently. The ventricles were paced after sinus node crush. Ventricular and left atrial pressures were measured with Millar catheter-tipped micromanometers. In studying the effects of peak systolic pressure in this working preparation we maintained heart rate constant at 150 beats/min and cardiac input constant at 3 L/min. Peak left ventricular pressure was increased at 25 mm Hg increments beginning at an average baseline peak left ventricular pressure of 85 * 3 mm Hg in the seven preparations studied. Increasing peak left ventricular pressure up to 100 mm Hg above baseline, that is from 85 to an average of 192 mm Hg, had no effect on T. Thus, once again the T under steady-state hemodynamic conditions appears to be independent of peak left ventricular pressure and the pressure at the beginning of the isovolumic phase of left ventricular pressure fall and thus independent of this aspect of load.
In this right heart bypass preparation we demonstrated that heart rate and a variety of pharmacological and pathophysiological factors thought to influence the time course of left ventricular relaxation would dramatically and significantly change T in the direction expected under conditions of stable left ventricular hemodynamics (in terms of peak left ventricular pressure, heart rate and cardiac input). Thus, the index was sensitive to factors which influence relaxation.
The effect of myocardial shortening during contraction on T is more complex. Using the initial totally isolated preparation we could convert the heart from isovolumic to ejecting on a beat-by-beat basis and study the time course of pressure fall in the first beat following ejection. These studies allowed a sudden conversion from a completely isovolumic state to an ejecting state and compared T in. such an ejecting beat with the preceding isovolumic beats. In this preparation conversion from isovolumic beats to ejecting beats resulted in a distinct and significant shortening of T from 67-1 ± 5-0 ms to 45-8 ± 2-9 ms (n=14, P < 0001). The extent of shortening was significantly correlated with the percent change in circumference of the left ventricle during the ejection. To differentiate once more the effects of volume at end-systole from the effects of shortening we compared beats with different extent of shortening but essentially the same peak systolic pressure and end-systolic volume. Again, under these conditions the beats with greater systolic shortening showed a shorter T. Suga and YakimosW'l showed a similar effect of the extent of shortening on the time course of relaxation in the isolated dog left ventricular preparation. In this preparation it appeared that the magnitude of this effect of shortening was much greater for the transition from isovolumic to ejecting than from one level of ejection to another level of ejection in the same preparation. That the effect of shortening on the time course of relaxation is most marked when going from an isometric contraction to a shortening contraction is also supported by data in isolated muscled.
In the working right heart bypass preparation! 2 ] we studied the effect of changes in cardiac input at constant peak left ventricular pressure and heart rate on T. These studies in eight dogs showed no change in T between cardiac inputs of 1-5 and 4 -0 L/min. This is a broad, physiologically significant range of cardiac outputs and stroke volumes. Across this range we could find no statistically significant effect of shortening on T. Although superficially this seems to conflict with the previous data suggesting a dependence on the extent of shortening, these were not changes from isovolumic to ejecting but from one level of ejection to another. To attempt to confirm the initial finding that conversion from isovolumic to ejecting does result in shortening of T, in the same hearts we converted rapidly from an isovolumic state to ejection. Again, we found that T decreased with increasing myocardial shortening from an isovolumic state (from 46 ± 3 to39 ± 3 ms,H=6,P <005). In isolated muscle studied at low temperature the time course of tension fall is markedly prolonged particularly in physiologically sequenced muscle where tension fall occurs at end-systolic lengtW 8 !.
The absolute rate of fall was studied by Wiegner and Bingl 8 ! as a function of load in these preparations. This rate of tension fall was load dependent. But, if tension fall is an exponential process then the comments above concerning gravity would pertain. As seen in Fig. 1 , the time course of tension fall in the muscle of Wiegner and BingM appears similar to the family of theoretical exponential tension falls shown below for a constant T with variable initial tension. This is particularly true if one eliminates the lower portion of the theoretical exponential functions which are behind the overlay. This portion of the actual tension fall may be lost in the muscle because of the high resting tension.
Thus, 7" as an index of the process of relaxation appears to be broadly independent of both systolic load and peak pressure and the extent of shortening or stroke volume within the physiological range of stroke volumes. Tis dependent upon the percent of shortening with conversion from an isovolumic state to ejection. This is rarely the case in either normal hemodynamics or pathophysiological states where the parameters of relaxation are of greatest interest. To complete the picture of the hemodynamic determinants of T, in all studies we have performed where heart rate was altered, higher heart rate tended to shorten T. The magnitude of this effect is relatively small. Change in heart rate in the dog from 120 to 170 per min resulted in approximately a 10% shortening of T.
Examination of the effects of relaxation during the diastolic filling period
We next examined the possibility that the time constant for isovolumic pressure fall (7) predicted the time course of the process of relaxation not only during the isovolumic phase of diastole but beyond the time of mitral valve opening during the time of diastolic filling! 3 ). To do this we utilized the same right heart bypass preparation described previously but also measured left ventricular minor semiaxis dimension utilizing sonomicrometry. Again, ventricular pacing was utilized in these studies to eliminate the effects of atrial systole on We intended to compare the fully relaxed diastolic pressure-dimension relationships for each heart with pressure and dimension values obtained during the diastolic filling period. We further wished to examine the extent to which deviations between actual values and the fully relaxed pressure-dimension relationship were determined by the time course of relaxation as indexed by T. Left ventricular pressure and dimension obtained at the end of prolonged diastolic periods were assumed to reflect the fully relaxed state. These prolonged periods were brought about by interruption of ventricular pacing after sino-atrial node crush. Pressure and dimensipn measurements were obtained in all hearts between 5 and 30 mm Hg diastolic pressure by modifying the cardiac input into the heart before interruption of pacing. No value was used which occurred less than 5 T after the onset of isovolumic pressure fall of the beat preceding the interruption of pacing. At least 30 values were obtained for each heart. The fully relaxed pressure-dimension relationship was taken as the least squares best fit line relating log pressure and dimension. The correlation coefficient was greater than 090 for all hearts studied. This fully relaxed diastolic pressure-dimension line could then be related to, and compared to, pressuredimension values occurring during diastole of single cardiac contractions and/or beats (Fig. 2) .
In Fig. 2 the fully relaxed pressure-dimension line for a single heart is plotted along with data for pressure and dimension from a single cardiac cycle with complete relaxation by the end of the diastolic filling period. In this particular beat isovolumic relaxation continued until 2 -l rafter maximum negative dP/dt. The end of the isovolumic period was taken as the time of cross-over of left atrial and left ventricular pressure. Thus, the portion of the cardiac cycle during which relaxation influences pressure-dimension relationships after mitral valve opening is between the time of mitral valve opening and the time of cross-over of actual pressure-dimension points with the fully relaxed line. Prior to this cross-over time the contribution of relaxation to pressuredimension relationships can be quantified by predicting the left ventricular dimension which would-be present at any given left ventricular pressure if relaxation made no contribution (that is if relaxation were complete). The contribution of relaxation at any point in time is then the difference between the actual and the predicted or fully relaxed dimension of the ventricle at the given pressure taken from the regression line for the fully Figure 3 Same heart as Fig. 2 with heart rate increased to 150/min. Other variables constant. Relaxation is again complete with the points crossing the fully relaxed line at 3'0 T. The contribution of the relaxation to diastolic dimension (i.e. filling) can be quantified by comparing the actual dimension to the dimension predicted from the fully relaxed line at any pressure prior to cross-over. 7*= 38ms;LVEDP = 9-5mmHg;timeofLVEDP = 3-7r. relaxed state. Figure 3 shows the same heart at a more rapid heart rate. Here at a heart rate of 150 beats/min (v. 130/min in the previous figure) again relaxation is complete prior to end-diastole. The cross-over point is slightly before 3 0 T after maximum dP/dt. The difference between the predicted and actual left ventricular dimension could also be identified in early diastole in this beat. Finally, in the same heart at a rate of 170/min (Fig.  4) incomplete relaxation occurs as identified by the fact that there is no cross-over point and the next beat begins well before 3*5 T after maximum negative dP/dt (in this particular heart at 2-5 T). Predicted and actual left ventricular dimension throughout diastole differ. The extent of the contribution of incomplete relaxation to end-diastole left ventricular pressure-dimension relationships is quantified by the extent to which the predicted and actual left ventricular dimension differ at enddiastole and could, of course, also be quantified by the extent that end-diastolic pressure is greater than the pressure predicted from the fully relaxed line if relaxation had been complete by end-diastole.
There are also general conclusions about the relationship between the time of the beginning of the next beat, time constant for isovolumic pressure fall (T) and the cross-over time which are of general importance in terms of identifying and quantifying the presence of incomplete relaxation and the time course of the effects of relaxation on early diastolic filling. First, in all of the 167 beats which we analyzed relaxation was complete so long as the next beat began greater than 3'5 T after maximum negative dP/dt of the previous beat. This was true under widely varying conditions of cardiac output and heart rate peak left ventricular pressure. Thus, if the next beat begins greater than 3-5 T after maximum negative dP/dt it is most unlikely that incomplete relaxation contributes to end-diastolic left ventricular pressure-dimension relationships. Figure 5 Actual and predicted cross-over times from data such as presented in Fig. 3 for 33 beats in five hearts with severe failure or under hemodynamic stress due to high cardiac input and/or arterial pressure. Predicted values were obtained from the fully relaxed curve, the pressure at maximum negative dP/dt and T assuming no early diastolic filling. The early actual cross-over times appear to be well predicted in this fashion. This prediction implies the transfer of the load from the relaxing element to a passive element at a time that is principally dependent on the properties of the passive element and the position of the heart on the fully relaxed curve at endsystolic (or early diastolic) volume. -, y= 1 -02 .v -001, r = 0-89, H = 33; , line of identity.
2-0 2-5 3-0 3-5 Time constants after max. neg. dP/dt Figure 6 Predicted values for left ventricular dimension at time intervals of T after maximal negative dP/dt along with actual dimension values at these times. The predicted values were obtained by calculating the value for dimension at the actual ventricular pressure from the fully relaxed curve. Thus, the predicted dimension is the dimension which would have been present if relaxation had been complete by that time. The difference between the predicted and actual dimension quantifies the contribution of relaxation to diastolic dimension at that time. The predicted and actual values do not differ after 3'0 7" which is therefore after the cross-over time of the actual data and the fully relaxed curve. These are 10 representative beats from 10 hearts, n = 10; O, predicted; • , observed.
Secondly, in 127 beats from hearts not under severe hemodynamic stress and without severe left heart failure, the cross-over time for pressuredimension values with the fully relaxed line occurred over a narrow range of T values. The average value for the time cross-over was-2-85 * 033 (s.d.) T after maximum negative dP/dt. At 2-85* Tafter maximum negative dP/dt if pressure had continued to decline in a fashion uninterrupted by left ventricular filling 94-2% of pressure fall from maximum negative dP/dt would be complete. This narrow range of cross-over time was in the face of a four-fold range of Tfrom 19 to 81 ms.
In beats from hearts with severe failure the crossover time occurred earlier than 2-2 T (the shorter extreme of the 95% confidence limit for the crossover times in hearts without failure). In Fig. 5 is shown the close correlation between (1) the actual cross-over times as determined from pressuredimension values and the fully relaxed line (as previously described), and (2) the cross-over time as predicted from the time and pressure at maximum negative dP/dt, and the fully relaxed line assuming no left ventricular filling in early diastole: This closeness of the actual and predicted cross-over times suggest this early cross-over is not related to parameters of early diastolic filling. In these hearts with failure this early cross-over time reflects the fact that in the failing heart there is a large endsystolic volume and therefore a large early diastolic volume. The heart is at a relatively high position on the fully relaxed pressure-dimension line at the beginning of the filling phase. Thus, if we assume that the fully relaxed pressure-dimension line reflects the passive or at least non-contraction dependent material properties the process of relaxation continues to go on at a fixed rate with its time course characterized by T. The load would be transferred to passive elements at a relatively early pointin time when the heart is high on the fully relaxed pressure-dimension line. dimension predicted for the fully relaxed state and the observed ventricular dimension at intervals of T after maximum negative dP/dt. These data are for ten representative beats similar to those in Figs 2 and 3. Predicted dimension was determined from the fully relaxed pressure-dimension line. On this regression line the dimension at any given left ventricular pressure during early diastole is the dimension 'predicted' to be present (if relaxation had been complete). The 'observed' dimension is the observed dimension (at the same pressure) at the particular point in diastole under study. As anticipated predicted dimension was greater than observed dimension prior to the cross-over time (occurring in all of the beats at an average of 2-85 T after maximum negative dPIdt). Beyond this crossover time there was no significant difference between predicted and observed dimension. Thus, in early diastole the influence of relaxation on the pressure-dimension relationships is quantified by the differences between the predicted and observed dimensions. This observation was true under a wide variety of hemodynamic circumstances. In Fig. 7 are similar data in beats with variable left ventricular pressure from 85 to 192 mm Hg at constant cardiac input and heart rate and in Fig. 8 are beats with variable cardiac output from 1-5 to 4-5 L/min. Again, similar observations were made with a consistent cross-over time near 2*85 T. The small overshoot is consistent and likely indicates a small visco-elastic effect in diastole. The smallness of the visco-elastic effect is emphasized by examining selected beats with relative large early diastolic filling (Fig. 9 ). In these beats between 2 Tand 37* after maximum negative dP/dt 47-6% of total diastolic filling occurred. This is reflected in the quantitatively large differences between the predicted and observed values for left ventricular dimension prior to cross-over time. In these beats with large diastolic filling the cross-over time still occurred at approximately 2'85 Tand there was a relatively small overshoot after the cross-over time.
In Fig. 4 the extent of incomplete relaxation at end-diastole is indicated by the quantitative difference between the actual end-diastolic dimension and the dimension at the left ventricular enddiastolic pressure on the fully relaxed line. The extent of the contribution of delayed relaxation to the time course of filling is indicated by the difference in these values prior to end-diastole.
Thus, although early diastolic filling and the magnitude of total early diastolic filling is likely influenced by left atrial pressure and the timing of left atrial contraction, the size of the mitral valve orifice and perhaps the left ventricular end-systolic volume, the major determinant appears to be the time course of left ventricular relaxation as indexed by T. These other factors may determine the actual extent of filling which occurs during the process of relaxation but the time course of these events appears to be dominated by the time course of relaxation as indicated by the constancy of the cross-over relationship in beats with large as well as small early diastolic filling.
It is important to recognize that the value of the time constant T may be influenced by how the data analysis is performed. This is true in cases where there are baseline shifts in the pressure record or in which only intracavitary rather than the transmural ventricular pressure is measured. This dependence of Ton the zero or baseline value for pressure was emphasized to us by Dr Joseph Murgo and Dr William Craig and is brought out by the following considerations.
In the case where the measured pressure P is the transmural pressure, e.g. in cases where the extracavitary pressure is atmospheric and P is referenced to atmosphere as is the case in all of the studies reported herein, the exponential phase of pressure fall can be described as (1) T is the negative inverse slope of the \nP v. t line and can be obtained, as is commonly done, by plotting P v. I on a semi-log scale and obtaining the slope by a linear least squares regression analysis of the data.
However, consider the case where there is either a baseline shift in the pressure record or where there is an extracavitary pressure present (such as pleural pressure) that is different than the zero reference level for P. For simplicity assume that this pressure, P B , is constant. Then the recorded pressure is described by an equation of the form
In this case, T can no longer be obtained simply by plotting P v. / on a semi-log scale and performing a linear least squares fit to the data since \nP is no longer a linear function of/. Rather, it is In (P-P B ) that is a linear function of/. Thus, by plotting the logarithm of the difference between P and P B rather than only P v. t the difficulty can be circumvented. However, suppose that one does not know or cannot measure the value of Pg (again assumed to be constant) as would be the case in a closed chest animal in which outside pressure is not recorded. 
If one now plots dP/di v. P and performs a linear least squares regression, the slope of the line obtained is independent of Pg and only the intercept of the line is influenced by P B Since it is the value of T that is desired, this approach will yield the desired result. If Pg is a time-varying quantity, one can still obtain Tas above, but the intercept of the dP/dt v. P line may now be a time-dependent quantity.
Thus, some of the disparate datal'°l regarding the dependence of T on various factors may be due to the use of the semi-log approach rather than to a true dependence on the intervention imposed. Use of the derivative approach may help to unify and clarify some of the areas of conflict.
Conclusion
Thus, defining relaxation as the process of return of the ventricular myocardium to its resting state following contraction, the time course of this process is well indexed by T, the time constant for the exponential delay of isovolumic pressure. T appears to be relatively independent by load and shortening except for rapid transitions from the isovolumic to ejecting state. Under the latter con-ditions T shortens. Tis sensitive to factors thought to influence the active cardiac relaxing system and shortens slightly at high heart rates. After the time of mitral valve opening the left ventricular pressure-dimension relationship slowly reaches the pressure-dimension relationship characterizing the fully relaxed state. This time course of these pressure-dimension changes is accurately predicted by T. The accuracy of the prediction suggests that the most important factor in determining the rate and time course of early diastolic left ventricular filling is ventricular relaxation. Incomplete relaxation does not occur if the next beat begins more than 3 -5 T after maximal negative dP/dt for the previous beat. With the next beat occurring less than 3-5 rafter maximal negative dP/dtthe extent of incomplete relaxation can be quantified by comparing actual pressure-dimension values with predicted values for the fully relaxed state. Although the next beat may occur less than 3 -5 T after maximal negative dP/dt, incomplete relaxation may not be present particularly in hearts with severe failure or increased stiffness.
